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Introduction 

Goal: develop an integrated, practical, and accurate methodology 
for determining product EOS. 
Three Elements: 
I: Experiment 

* Necessary: test@) for which a useful portion of the product EOS (he w 
sure range the better) can be uniquely inferred from the measurement. 

der the pres- 

* Better: test(s) for which the inverse problem can be explicitly computed to infer the 
governing EOS. 

11: Analysis 

Whether one computes the inverse problem, or the (iterative) forward problem: goal 
is to compute the EOS structure from the data. Historically (Le. JWL) one asks how 
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Validation by hydrocode: Do we get the right answer in a variety of configurations? 
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ExDeriment: Cvlinder Test 

Schematic of Traditional Cylinder Test 

Tube breaks and detonation 
products escape 

Expanding tube wall 

Air shock 

Detonation Wave 

Pin wires 

7 Argon bomb flash --7 Copper cylinder 

Camera’s 
view 

Tube is electrical ground 

Current Implementation with simultaneous streak 
camera VISAR, framing camera, velocity pins ------- > 
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Experiment: Sandwich Test 

The Sandwich test is a recently 
developed slab variant of the 
cylinder test that is more data- 
driven at high pressures, and 
which also extends to low pres- 
sures (-500 Bar). 

Photograph of Sandwich Test ------- > 

Schematic Drawing of Sandwich Test 

Fiber Optic 
VlSAR Probe-+ x-t Fiducial Probe 

Support Rods (4 ea.) 

Blast Shield 

' Tantalum 
Liners 

Pin wire support ~ o d s  (2 e a . 9  

Spring Washer (4 ea.) 

I See design details in I 
I APSOl Proceedings I 
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Analysis: Overview of Taylor's Inverse Isentrope Problem 

1. Determine case shape R(z) from measured R(t) and Do. 

2. Fit a curve to the wall trajectory that is consistent with 
the model assumptions (strictly incompressible wall). 

Z 

3. Calculate inner contour knowing wall thickness and 
(in the case of cylinder test) how the tube stretches, 

4. Calculate wall P(z) using inner contour trajectory. 
Fundamental observation: wall pressure is propor- 
tional to wall trajectory curvature, 

5. Geometric assumption about pressure iso-contours: 
relationship between measured wall pressure and 
internal pressure. Quasi-conical approximation. 

6. Solve ODE for specific volume v(z), given P(z), from 
mass and momentum conservation equations. 

7, Obtain the principal isentrope by plotting P(z) vs. 
v(z) parametrically. 

8. Determine the internal energy along the isentrope 

' 

e(z) from isentropic relation de = -P dv. 

. 
1 

P 
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Analysis: History of the Inverse Problem 

0 The forward "cylindrical bomb" problem was analyzed by G.I. Taylor in 1941. He 
fiwther noted that the problem could be inverted to extract EQS 

"The analysis here given op 
onating explosive to inves 
expanding gases. It is c 
spark photograph would giv 
shape could be accurately de 
been measured, the p 
measured. .. It seems urtli 
shape of the expanding case with suficient accuracy to ensure any 
but the roughest estimates of the adiabatic p ,  v relatiunship. " 

Taylor expressed concern about measurement error, but with modern instruments that 
is not the chief problem, but rather the simplifying assumptions of the model. 

There was no use for an accurate EOS in Taylor's day, because there were no comp- 
uters. Nor could he have inferred an accurate EOS at that time, because the model 
manipulations (though quasi-analytic) are complicated in detail. But the method is 
ideal for symbolic manipulation programs such as Mathernatica. 
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Analysis: Status of Taylor's Method Implementation 
Pure Model (circa 1996) 
Has many desirable features, but expansion energy is -10% low. Tkis strong feature 
could not be corrected by geometric refinement, or even the more ideal Sandwich test. 

0 Problem appears to be a small but cumulative error in the volume integration step, due 
to a breakdown in the ideal assumptions at high pressures, 

Empirical Correction 
Desire a simple empirical, but physically-motivated, correction. A successful strategy 
has been to adjust the magnitude of the high-pressure term in the volume ODE prop- 
ortionally to the jump-off angle, which characterizes the severity of the non-ideality. 

Other Refinements Since Original 1996 Model 

while enforcing a thermodynamic constraint). 
Detonation pressure constrained to enforce c-j tangency. (Improves Pcj prediction 

Cylinder wall-strength included (a modest correction at low pressure). 

Validation 

Model is in "beta" testing, but has passed many stringent tests (examples to follow). 
Validation will move to hydrotesting phase with the help of Holmann Brand (X-7) 
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PBX 9501 Standard: Results in P-VPlane 

Results for my implementation of Taylor/Hill method (black), a published JWL (red), 
and Sam Shaw's calculation of ID tests (blue). 
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Taylor/Hill and Shaw curves agree with each other almost exactly, over about 2/3's of 
Shaw's range. Shaw's curve moves toward JWL in the last 1/3 of his range. 
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PBX 9501 Standard: Results in y-VPlane 
* Results for Taylor/Hill (black), a published JrwL (red), Shaw's calculation of 1D tests 

(blue), and Fritz et al.'s overdriven points (green). 
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Taylor/Hill: has the expected features: 1) lines up with Fritz points, 2) single peak at 
-V = 1, 3) expected c-j point, 4) correct total energy, and 5 )  expected ideal gas limit. 

JWL: all over the place. This is an aberration of the form. 

Shaw: drops rather steeply from c-j. Would have to take a sharp turn to the right just 
past the data region, to maintain the right energy. 
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Analysis: Validation Examples 
9 Wish to test generality of the 

empirical L correction for non- 
zero jump-off angle. 

do with global similarity to 
JWL P-v isentropes: we know 
that JWL is pretty good in the 
P-v plane overa ll... 

Non-standard proportions (U2-wall) test 

* Preliminry validation has io 

Q 

Standard Test; Noddeal HE (PBX 9502) 

p ;  

a 
-/ 

e 
Large (4-inch) test + Non-ideal HE (ANFO) 
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Analysis: Gruneisen Gamma from Differing Initial Densities 
0 Taylor's Klethod give's principal isentrope: 

To compute states off the principal. isentrope (e.g. re-shock problem) one must know 
a portion of the EOS surjkce. One may consider a perturbation off the principal isen- 
trope, given by the Mie-Gruneisen form, where T[v] is "Gruneisen" gamma: 

Knowing T[v] on the isentrope defines the EOS 

From a second test at a lower density one may 

e c-j in a narrow strip ofthe isentrope ... 

estimate T[v] from the two different isentropes: 

P 

First attempt was not too successful, but there 
were known data problems. Will re-test soon. V 
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EOS Forms: JWL 
= Calibration: Using Taylor's method, JWL calibration becomes a pure least squares 

problem with constraints. There is no fuss and reduced ambiguity. 

U 1 

Comments on JWL,.. 
Beware: A large minority of the JWL parameters 
in the literature are not thermodynamically consist- 
ent. This can lead to BIG hydrocode problems. 

Global accuracy is achieved by a proliferation of 
terms and parameters (analogy: polynomial least- 
squares) Try differentiating ! ! 

Claims of JWL accuracy may often be because the 
calibration is well-tuned to the calculated regime. 
But JWL will not be accurate everywhere. Push the 
error down one place, and it pops up another. 

JWL isentrope is a bit crazy in the 
y ("sound speed") plane ... 

Example: JWL isentropes are too energetic for V >- 5 if the physical value of gig  is used. A 
better fit is obtained to V - 10 if an artificially high rig is used. But o = yig - 1 determines 
off-isentrope behavior for JWL, which is a different consideration. 
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EOS Forms: Custom Formulated-Analytic Equations 
0 Strategy: Need analytic expression for internal energy (W. Davis). Then all other 

expressions can be generated analytically via it’s derivatives. (Accurate expressions 
for $fl or P[VI generally cannot be integrated.) 

0 Example: PBX 9507. data of Fritz et ai. suggests that $VI is essentially linear above 
c-j, over a wide pressure range (simplest non-trivial expression for yEU). This gives 
the following isentrope, for which the energy is a special function ... 

Example of an expression for internal 
energy that fits my numerical isentropes 
extremely well, and which has a good 
~ v ]  behavior far above c-j . . . 
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Future Directions for Product EOS Effort 

FY 01 ... 
0 PBX 9501 Sandwich Test (1 ea.): Repeat of low density test (shot# 666) that had 

Instrumentation problems (for Gruneisen g a m a )  

PBX 9502 Sandwich Test (2 ea.): Width convergence study, EOS analysis, front 
curvature for DSD boundary conditions. 

FY02 ... 
Cylinder tests on various materials -> for R. Flesner 

Modified Sandwich tests to further examine DSD boundary conditions -> for X-4 

Optimal V I S A R  probe design for cylinder and sandwich tests (minimize 2D effects) 
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